Abstract: An enzymeless electrochemical sensor for detection of low amounts of H 2 O 2 with the aid of Ag nanoparticles supported on conducting poly(vinylferrocene) (PVF) film was developed. Experimental results revealed that contribution of Ag nanoparticles led to remarkable improvement by means of reduction potential and reduction current. Influence of experimental parameters (i.e. polymeric film thickness, concentration of Ag precursor, immersion time in precursor solution, reduction time, and reduction potential) were investigated. The Ag/PVF-modified electrode system was characterized physically by scanning electron microscopy. The results revealed that the sensor developed was easyto-prepare, economic, selective, and sensitive, with a fast response time of 3 s. The linear concentration range of the sensor was 0.1-50 mM, with a sensitivity of 14.1 µ A mM −1 and a limit of detection of 0.94 µ M. Finally, interference effects of uric acid, ascorbic acid, dopamine, and glucose molecules were studied and no significant interference was observed at physiological levels.
Introduction
Hydrogen peroxide (H 2 O 2 ) -a very small compound in nature-is an interesting molecule because of its importance in both industrial processes and biological processes. It is not only involved in many processes such as food processing, textile industry, pulp and paper bleaching, and minerals processing, but also utilized in diverse areas such as pharmaceutical research and organic synthesis.
1,2 It is even used as an oxidant in fuel cell systems. Last but not least, it is the by-product of several reactions that involve enzymes such as glucose oxidase, cholesterol oxidase, and lactate oxidase. It is also a substrate for the enzyme horseradish peroxidase. Therefore, the reliable, accurate, sensitive, rapid, and low-cost determination of H 2 O 2 has been practically important and widely investigated.
Conventional techniques for H 2 O 2 determination, such as chemilumimescence, 3, 4 fluorescence, 5, 6 and spectrophotometry 7, 8 are complex, costly, and time-consuming. In comparison, electrochemistry can offer simple, rapid, sensitive, and cost-effective means, since H 2 O 2 is an electroactive molecule. 9, 10 However, electrochemical applications are limited by slow electrode kinetics, high overpotential, and possible interferences from other existing electroactive species in real samples. Thus, current research on electrochemical H 2 O 2 detection is mainly focused on electrode modifications in order to decrease the overpotential and increase the electron * Correspondence: mutlucelebi@odu.edu.tr This work is licensed under a Creative Commons Attribution 4.0 International License. transfer kinetics. 11 For these considerations, a large range of materials such as redox proteins, 12 dyes, 13 transition metals, 14 metal oxides, 15 redox polymers, 16 and carbon nanotubes 17 are studied. On the other hand, in recent years, nanomaterials, especially nanoparticles, have been successfully applied to electrochemical sensors improving the sensitivity of the sensor due to large surface area and porous structure leading to a decrease in the overpotential for many analytes.
18,19
The main objective of the current study was to prepare an enzymeless electrochemical sensor for detection of low amounts of H 2 O 2 with the aid of Ag nanoparticles supported on conducting poly(vinylferrocene) (PVF) film. Recently, the relatively high cost and lack of long-term stability of enzyme biosensors has led to an effort to develop new sensors that mimic the function of enzymes. Avoiding use of an enzyme during the construction of a sensor is also encouraged because of the lack of protein denaturation and subsequent decrease in sensitivity. For these purposes, nanoparticles are considered excellent substitutes for enzymes. 
32−40
In the present work, a modified electrode system was developed and used as the working electrode of an amperometric H 2 O 2 sensor. PVF, a redox polymer, was used as support material on a Au electrode for incorporation of Ag nanoparticles, with a view to combine the features of PVF and Ag nanoparticles for enhanced sensor response. To the best of our knowledge, this is the first study that combines use of Ag nanoparticles with PVF polymer, and the sensor has the advantage of easy preparation together with a low limit of detection (LOD) compared with similar studies in the literature. One of the most important benefits of using PVF is the ease of modification of the electrode and control of the modification parameters during the procedure. It is well known from previous studies that PVF provides an excellent medium for biological compounds and has been employed in many electrochemical sensors. 41−49 In order to obtain maximum current for H 2 O 2 reduction, the influence of experimental parameters was investigated. The Ag/PVF modified electrode system was characterized physically by scanning electron microscopy (SEM).
Results and discussion
PVF-supported Ag nanoparticles were prepared following a very simple, three-step procedure: (i) coating the Figure   1 ). In the uncoated Au and PVF-coated Au electrodes, reduction of H 2 O 2 was observed to a smaller extent at higher potentials (Figures 1a and 1b) . However, when the PVF-coated electrode was decorated with Ag nanoparticles, both the reduction potential and the reduction peak current values were improved considerably The effect of scan rate during electrocatalytic reduction of H 2 O 2 with the Ag/PVF-modified Au electrode was investigated. As seen from the CVs in Figure 2a , cathodic peak potential shifts gradually towards negative potentials as the scan rate increases, which confirms kinetic limitation in the electrochemical reaction.
Additionally, a plot of peak current versus the square root of scan rate ( v 1/2 ) displayed a linear relationship, indicating that the process is diffusion-controlled rather than surface-controlled ( Figure 2b ).
Optimization of experimental parameters
Several experimental parameters, such as polymeric film thickness and AgNO 3 concentration, were investigated to obtain the maximum peak current for H 2 O 2 reduction for best sensor response. Optimization of these parameters was performed according to the reduction peak current values recorded during CVs of 1.0 mM
Thickness of the polymer coating on the working electrode is an important parameter because it affects the porosity of the polymer film. As mentioned above, the thickness of the polymer film was controlled by the Probably the most outstanding feature of our work is the ease of the nanoparticle synthesis compared with similar studies in the literature, because synthesis of metal nanoparticles generally requires complex and time-consuming procedures. However, we managed to obtain Ag nanoparticles dispersed on the PVF matrix simply by using bulk electrolysis at moderate potentials through electroreduction of the adsorbed ionic species.
After immobilizing Ag
+ ions in the polymer matrix via a simple dip-coating process, we applied constant potential electrolysis in 50 mM PBS (pH = 7.0) to obtain Ag nanoparticles. According to the experimental results, only 4 min of electrolysis at -0.2 V (versus SCE) was enough to obtain improved catalytic activity from the Ag/PVF system towards H 2 O 2 reduction (Figures 3d and 3e ).
Physical characterization of the modified electrode
The morphology and structure of the polymer film before and after incorporation of Ag nanoparticles were characterized by SEM. For SEM studies, the modified electrode system was prepared using pencil graphite electrodes (PGEs) with identical surface area. As clearly seen in Figure 4a , the polymer film has a porous structure that supports adsorption of the Ag + ions, and the Ag nanoparticles are well dispersed in the polymeric matrix (Figure 4b ) with an average particle size of 12 nm. The corresponding energy-dispersive X-ray (EDX) spectra of the PVF film before and after incorporation of Ag nanoparticles and the elemental mapping of the Ag/PVF catalyst system is presented in Figures 4c and 4d , indicating the presence of Ag atoms well dispersed in the polymer matrix.
Effect of pH
In order to apply the modified electrode to amperometric H 2 O 2 detection, we controlled the catalytic activity of the Ag/PVF system towards H 2 O 2 reduction at the physiological pH (7.4). For this purpose, we studied the effect of pH of the H 2 O 2 solution on the response of the Ag/PVF modified electrode, which was prepared at the optimum conditions. It is clearly seen from Figure 5 that the activity was highest at around pH 7.0 and was also active between pH values 7.0 and 7.5.
(c) 
Chronoamperometry studies and amperometric detection of H 2 O 2
Chronoamperometry is a useful method for determining the catalytic rate constant ( k cat ) using the equation 
54,55
Chronoamperometric data can also be used for estimation of the diffusion coefficient ( D) for an electroactive material using Cottrell's equation:
where n is the number of electrons, F is the Faraday constant, A is the electrode area, C is the bulk concentration of the analyte, and t is the elapsed time. 56 In order to determine the specific surface area 
53,58
The performance of the Ag/PVF-modified Au electrode as an enzymeless amperometric H 2 O 2 sensor was evaluated by chronoamperometry. Figure 6a shows the typical current-time curve of the sensor prepared under optimized conditions after successive additions of certain concentrations H 2 O 2 to a continuously stirred Table 1 in terms of LOD and linear range.
Interference study
The influence of common interfering species such as uric acid (UA), ascorbic acid (AA), dopamine (DA), and glucose (Glu) was investigated. As clearly seen in Figure 7 , none of these species demonstrated a significant interference to the signal of 0.5 mM H 2 O 2 at a concentration of 0.5 mM under optimum working conditions. Thus it can be concluded that H 2 O 2 can be determined selectively with the prepared sensor in the presence of these interferents. 
Real sample analysis
The Ag/PVF-modified Au electrode was applied to the determination of H 2 O 2 in hair dye oxidant cream.
An oxidant cream sample (3.0 mL) with a reported H 2 O 2 concentration of 9% (v/v) was diluted to 100 mL.
From this solution, three different samples were prepared (1.0 mM, 5.0 mM, and 10.0 mM) and analyzed using standard addition. As seen from the analysis results in Table 2 , the modified electrode presented a poor recovery (%) response for determination of H 2 O 2 in concentrated real samples. However, in samples with moderate concentrations, the results indicate that the Ag/PVF-modified Au electrode is applicable for real sample analysis.
Reproducibility of Ag/PVF-modified Au electrode
In order to investigate the reproducibility of the Ag/PVF-modified Au electrode, reduction current obtained by chronoamperometry using 10 mM H 2 O 2 solution was monitored daily for 10 days. When not in use, the modified electrode was kept at 4
• C, open to air, and no visual change was observed on the electrode surface.
The current response was the same for the first two days and decreased gradually afterwards to 29% of the initial current in 10 days (Figure 8 ). 
Conclusions
A modified electrode system was developed based on Ag nanoparticles supported on conducting PVF film. As expected, the synergetic effect of combining PVF and the Ag nanoparticles resulted in enhanced sensor response even without using an enzyme for H 2 O 2 detection. One of the most important features of the sensor is the ease of preparation, together with the low LOD compared with similar studies in the literature. The developed sensor exhibited a very good linearity within the concentration range of 0.1 mM to 50 mM, with a detection limit of 0.94 µ M. Sensitivity of the sensor was calculated as 14.1 µ A mM −1 . The interference study indicated that the enzymeless sensor was not affected by common interferents such as UA, AA, DA, and Glu. These characteristics make the Ag/PVF system an excellent amperometric sensor for detection of low levels of H 2 O 2 .
Experimental

Reagents and instruments
Poly(vinylferrocene) was synthesized according to the procedure described by Aso et. al. 60 Vinylferrocene was obtained from Sigma-Aldrich (St. Louis, MO, USA). 2,2-Azo-bis(2-methyl-propionitrile) was obtained from Alfa (Ronkonkoma, NY, USA). TBAP ( ≥99.0%) was purchased from Fluka (Munich, Germany). Methylene chloride (HPLC grade) was obtained from Sigma-Aldrich. Hydrogen peroxide solution was diluted from 30% aqueous stock solution (Sigma-Aldrich). AgNO 3 , NaH 2 PO 4 , Na 2 HPO 4 , UA, AA, and DA were purchased from Sigma-Aldrich and used as received.
All solutions were deoxygenated by purging high-purity nitrogen gas prior to use in the electrochemical experiments and all experiments were carried out at ambient temperature.
Electrochemical experiments were performed using a CHI 600E electrochemical workstation. SEM images were recorded using a JEOL model JSM-7001F (Tokyo, Japan).
Electrodes
Electrochemical experiments were carried out in a three-electrode system glass cell. A Au disc electrode ( r = 1 mm) was used as the working electrode. This electrode was polished using alumina (first 1.0 µ m, then 0.3 µ m), then rinsed with triple-distilled water, cleaned in an ultrasonic bath, and dried. Ag/AgCl and SCE were used as reference electrodes in methylene chloride and aqueous media, respectively. A Pt wire was used as the counter electrode. In order to record SEM images, the PVF coating and the Ag/PVF catalyst system were prepared on disposable PGEs.
Preparation of the Ag/PVF-modified Au electrode
During the procedure, the polymer film was first deposited onto the working electrode by electrooxidation of 1.0 mg mL −1 PVF solution in methylene chloride containing 0.1 M TBAP as the supporting electrolyte. The potential was held constant at 0.7 V versus Ag/AgCl throughout the electrolysis. In the second step, the PVFcoated electrode was immersed in a stirred aqueous solution of AgNO 3 in order to immobilize the Ag + ions in the polymeric matrix. After this step, the electrode was washed thoroughly with triple-distilled water and placed in an electrochemical cell containing 50 mM phosphate buffer system (pH = 7.0) in order to reduce the Ag + ions at constant potential to obtain PVF-supported Ag nanoparticles.
